ABSTRACT Two experiments were conducted to optimize the fermentation of cottonseed meal by Cellulosimicrobium funkei (C. funkei) for the ability of the bacteria to degrade aflatoxin B1 (AFB1) and then to evaluate the bacterial detoxification in ducklings. In experiment 1, the fermentation of cottonseed meal by C. funkei was improved by changing the inoculation amounts by 10% (10 8 cfu/mL), using a 1:0.5 material to water ratio at 35
INTRODUCTION
Aflatoxins are secondary fungal metabolites that are largely produced by the Aspergillus flavus and parasiticus species (Diaz et al., 2002; Sun et al., 2015) . Among the various aflatoxins and their metabolites, aflatoxin B1 (AFB1) is the most lethal mycotoxin, having harmful hepatotoxic, mutagenic, teratogenic, and carcinogenic effects on humans and animals. It is also classified as a group 1 carcinogen (IARC, 1987; Rawal et al., 2010) . Unfortunately, AFB1 can easily contaminate various types of crops and is a very prevalent contaminant all over the world (Wu and Guclu, 2012; Hamid et al., 2013) . Animal ingestion of feed contaminated by AFB1 can pose serious problems to their health and C 2016 Poultry Science Association Inc. Received March 15, 2016. Accepted September 1, 2016. 1 Corresponding author: lvhuisun@mail.hzau.edu.cn productivity, and thus result in significant economic losses (Rawal et al., 2010; Wu and Guclu, 2012) .
Governments and corporations in many countries strictly regulate the content of AFB1 in natural or formulated feed materials. According to regulations in Europe (European Commission, 2002) and China (National Criterion of China GB 2715 ) the content of AFB1 in feed should not exceed 20 to 50 (natural) or 5 to 20 μg/kg (formulated). Recent studies reported that over 50% of crops were contaminated with AFB1 with maximum levels that could go over 2,000 μg/kg (Bock and Cotty, 1999; Giray et al., 2007; Liu et al., 2016) . Consequently, it is necessary that the level of AFB1 be reduced in feed materials before they can be used for the feeding of animals.
To some extent, several physical and chemical detoxification methods used to control AFB1 have been successful, but the majority have major disadvantages including nutrient loss and higher production costs, which 923 limit their practical application (Varga et al., 2010; Jard et al., 2011) . Recently scientists have turned to biological methods utilizing microorganisms and/or their enzymatic products to remove AFB1 through microbial binding and/or degradation into less toxic compounds, resulting in specific, efficient, and environmentally sound detoxification processes (Wu et al., 2009; Guan et al., 2010; Murugesan et al., 2015) .
In a previous work we reported that the fermented supernatant of Cellulosimicrobium funkei (C. funkei) strain possesses a 97% AFB1-biodegrading ability in vitro and that dietary supplementation of C. funkei attenuated the adverse effects of AFB1 in ducklings (Sun et al., 2015) . The use of microbial fermentation of feed materials to reduce potentially harmful factors and/or to improve their nutritional values is now common practice worldwide (Zhang et al., 2006; Lim and Lee, 2011) . Thus, using C. funkei for the solid-state fermentation of AFB1-contaminated crops is a promising method to reduce the content of this mycotoxin, making them adequate feed sources and/or to make formulated feeds.
Because of its high protein content and lower cost than soybean or fish meal, cottonseed has long been used in feeds for both terrestrial animals and fish (Colin-Negrete et al., 1996; Barros et al., 2002; Lee, 2002; Gatlin et al., 2007) , but studies have reported that cottonseed meal can be seriously contaminated by AFB1 (Bock and Cotty, 1999; Feizy et al., 2012; Liu et al., 2016) . For these reasons cottonseed meal was selected as a substrate to determine the optimal solidstate fermentation conditions of cottonseed meal by C. funkei that resulted in getting the optimum removal of AFB1 with a minimum of nutrient loss. Meanwhile, since the products of AFB1 biodegradation and nutritive value of fermented cottonseed meal remain unclear, an in vivo study was done to verify if AFB1-biodegraded, fermented cottonseed meal had better nutritional value than non-fermented meal in ducklings.
MATERIALS AND METHODS

Experiment 1
Fungal Strain and Preparation of Cottonseed Meal The C. funkei strain used for the solid-state fermentation experiment was kept in 20% glycerin containing Luria-Bertani broth at −80
• C until use. The AFB1-contaminated cottonseed meal was obtained from a provider in the Hubei Province, China. All the AFB1-contaminated cottonseed meal was milled using a mechanical grinder (LX-08, Hongguang Industry and Trade Co. Ltd., Wuhan, China) until it could pass could through a 40-mesh screen. The concentration of AFB1 in the cottonseed meal was 968 μg/kg, detected by High Performance Liquid Chromatography (HPLC) using a LC-20A Shimadzu chromatograph (Shimadzu, Japan) as previously described (Sun et al., 2015) .
Optimal Conditions for Fermentation of Cottonseed Meal by C. funkei To get the highest AFB1 biodegradation and dry matter loss for cottonseed meal, the inoculation amount of strain, oxygenation, fermentation temperature, duration, and mixture content of water were determined within monofactorial experiments. Briefly, 5% (V/W) 10 8 cfu/mL C. funkei in a 1:0.5 ratio of material to water was added to cottonseed meal and fermented at 35
• C for 48 h under aerobic or anaerobic conditions. After that, the fermented meals were oven-dried (65 o C) to 12.5% moisture content, and the final AFB1 biodegradation rate and dry matter loss percentage were determined following previously reported techniques to choose the optimal aerobic or anaerobic fermentation conditions (Zhang et al., 2006; Sun et al., 2015) . The best conditions were determined as follows: The optimal inoculation was evaluated by adding 5, 10, 15, and 20% (V/W) 10 8 cfu/mL C. funkei to cottonseed meal with a 1:0.5 material-water ratio, fermented at 35
• C for 48 h. The optimal fermentation duration was determined by various culture periods (36, 48, 72, 96, 120 , and 144 h). The optimal fermentation temperature was evaluated by fermenting at various temperatures (20, 25, 30, 35, and 40 o C). The optimum ratio of material to water was tested at 1:0.3, 1:0.5, 1:0.6, 1:0.7, and 1:0.8.
According to the results of monofactorial experiments, 3 levels of 4 factors (inoculation amount, material to water ratio, fermentation temperature and duration) were used for a L 9 (3 4 ) orthogonal test to get the optimal fermentation condition (Zhu et al., 2005) . All the tests were repeated 3 times.
Experiment 2
Ducklings, Treatments, Sample Collection, and Analyses The Institutional Animal Care and Use Committee of Huazhong Agricultural University, China, supervised and approved the experimental protocol of this study. In total, 112 one-day-old Cherry Valley ducklings were randomly divided into 4 treatment groups with 4 replicates of 7 birds each. All birds were allowed free access to a corn-soybean meal based diet (BD, Table 1 ) and distilled water ad libitum. After 3 d of acclimation, the 4 experimental groups were: Received a BD (control); group 2 was given 10% unfermented cottonseed meal as substitute for an equal amount of soybean meal in BD to contain 96.8 μg AFB1/kg; group 3 was given 5% unfermented and 5% fermented cottonseed meal as substitute for 10% soybean meal, equivalent to 57.0 μg AFB1/kg; for group 4, 10% fermented cottonseed meal substituted 10% soybean meal in BD so that it contained 16.0 μg AFB1/kg. The analyzed concentrations of AFB1 are shown in Table 1 . The experiment lasted 2 weeks.
The weight and feed intake of the experimental animals were monitored weekly. During the experiment, 8 birds from each treatment group were slaughtered for collection of serum samples and to measure the relative organ weights as previously described (Sun et al., 2015) . The activities of aspartate aminotransferase (AST) and alanine aminotransferase (ALT), as well as concentrations of albumin (ALB), total protein (TP), blood 1 Analyzed value; the concentration of AFB1 in unfermented cottonseed meal and fermented cottonseed meals were 968 and 160 μg AFB1/kg, respectively; "-"means lower than detection limit. 2 The approximate composition provides the following per kg diet: vitamin A, 13800 IU/kg; vitamin D, 3600 IU; vitamin E, 24 IU/kg; vitamin K 3 , 3.6 mg; vitamin B 1 , 1.5 mg; vitamin B 2 , 6.6 mg; vitamin B 6 , 3 mg; vitamin B 12 , 0.015 mg; folate, 0.9 mg; biotin, 0.09 mg; D-pantothenic acid, 9.6 mg; nicotinamide, 36 mg; iron, 96 mg; zinc, 53.9 mg; manganese, 71.4 mg; copper, 12 mg; selenium, 0.3 mg; iodine, 0.42 mg.
3 Calculated value.
urea nitrogen (BUN), and creatinine (Crt) in serum were analyzed by means of an automatic biochemistry analyzer (Beckman Synchron CX4 PRO. Brea, CA).
Statistical Analysis
All statistical analyses were conducted using IBM SPSS Statistics 19 (SPSS, Inc., IBM, Chicago). Data are presented as means ± SD and significance level was set at P < 0.05. Bonferroni's t test was used for multiple mean comparisons. Differences in orthogonal tests were demonstrated with variance and range analyses (Zhu et al., 2005) . Table 2 shows the effects of various fermentation conditions of oxygenation, inoculation amount of C. funkei, temperature, duration, and material to water ratios on AFB1 biodegradation and dry matter loss of cottonseed meal. Although the use of aerobic or anaerobic conditions had no significant effect in dry matter loss ratios (P > 0.05), aerobic fermentation increased by 2.9-fold the degradation of AFB1 relative to anaerobic fermentation (P < 0.05). The dry matter loss in cottonseed meal gradually increased between 6.1 and 8.5% parallel to the increase of inoculation amount of C. funkei from 5 to 20%, while the highest AFB1 biodegradation rate reached 40.5% with 15% inoculation. Notably, the AFB1 biodegradation rates gradually increased from 23.6 to 63.0% and 17.7 to 53.0% when the temperature and duration were increased from 20
RESULTS
Experiment 1 Optimal Fermentation Conditions for AFB1 Biodegradation and Dry Matter Loss Ratios in Cottonseed Meal
• C to 40
• C and 36 h to 168 h, respectively. The dry matter loss gradually increased from 3.6 to 14.8% and 12.0 to 14.8% under the conditions already specified for biodegradation (P < 0.05). Dry matter loss gradually increased from 9.6 to 22.3% when the material to water ratio was changed from 1:0.3 to 1:0.8. The highest biodegradation rate was 69.9% at a 1:0.7 material to water ratio.
After examination of the monofactorial results, the factors and levels of orthogonal design were then conducted as described in Table 3 . C. funkei (5, 10, and 15%) was inoculated into various media containing material to water ratios of 1:0.5, 1:0.6, and 1:0.7 and were allowed to ferment at 30, 35, or 40
• C for 96, 120, or 144 hours. The results showed that the optimal fermentation conditions for AFB1 biodegradation and dry matter loss were those of group 4, in which the inoculation amount, material to water ratio, temperature, and duration were 10%, 1:0.5, 35
• C, and 144 h, respectively (Table 3) . Under these conditions, the biodegradation and dry matter loss were 83.3 and 10.0%, respectively. R values indicated that the effects of 4 factors on AFB1 biodegradation and dry matter loss were A > D > B > C and B > A > D > C, respectively.
Experiment 2
Growth Performance and Relative Organ Weights of Ducklings The growth performance results are shown in Table 4 . The average daily feed intake (ADFI) and feed/gain ratio (F/G) were a-e Means within a column lacking a common superscript differ significantly (P < 0.05). 1 Results are reported as the mean ± SD, 3 replicates per treatment; A = temperature ( o C); B = material to water ratio; C = amount of inoculum (%); D = Duration of fermentation (h).
significantly influenced by the different experimental conditions. Compared to controls, while the average daily gain (ADG) was not significantly different by group 2 at wk one (P > 0.05), under these conditions the ADFI and F/G of ducklings significantly increased by 13.8 and 17.2%, respectively (P < 0.05). Group 2 also increased to 18.4% F/G at wk 2 (P < 0.05). Interestingly, groups 3 and 4 alleviated or prevented the increases of ADFI and/or F/G observed in group 2. Compared to the control, there were significant (P < 0.05) increases of the relative weights of liver (45.9%), kidney (40.1%), and spleen (60.0%), while the bursa of Fabricius decreased by 20.0% in group 2 at wk 2 (P < 0.05, Table 5 ). It should be noted that the changes in relative weights of organs in group 2 were attenuated and/or prevented in groups 3 and 4. The different treatment protocols had no effect on the relative weight of organs at wk one (P > 0.05, Table 5 ).
Serum Biochemistry
The results show that the serum biochemical parameters were significantly changed by the different treatments (Table 6 ). Group 2 led to significant increases of the AST (139 and 136%) and ALT (57 and 77%) activities and the concentrations of BUN (31 and 21%) and Crt (34 and 35%), along with decreased concentrations of TP (34 and 48%) and ALB (21 and 52%) in the serum of ducklings at wk one and 2, respectively (P < 0.05). Interestingly, these biochemical changes detected in group 2 were mitigated and/or inhibited in groups 3 and 4 at both wk one and 2.
DISCUSSION
Aflatoxin B1 is a potent hepatotoxic and carcinogenic mycotoxin, ubiquitous in grains, peanuts, and seeds (Ma et al., 2014) . Microbial fermentation is one of the most promising techniques to destroy or decrease the content of AFB1 in feedstuffs, minimizing 1.92 ± 0.02 b a-c Means within a row lacking a common superscript differ significantly (P < 0.05). 1 Results are reported as the mean ± SD, 4 replicates per treatment; Control = basal diet alone; Group 2 = 10% unfermented cottonseed meal substituted 10% soybean meal in BD (96.8 μg AFB1/kg); Group 3 = 5% unfermented and 5% fermented cottonseed meal substituted 10% soybean meal in BD (57.0 μg AFB1/kg); Group 4 = 10% fermented cottonseed meal substituted 10% soybean meal in BD (16.0 μg AFB1/kg). a-c Means within a row lacking a common superscript differ significantly (P < 0.05). 1 Results are reported as the mean ± SD, 4 replicates per treatment; Control = basal diet alone; Group 2 = 10% unfermented cottonseed meal substituted 10% soybean meal in BD (96.8 μg AFB1/kg); Group 3 = 5% unfermented and 5% fermented cottonseed meal in place of 10% soybean meal in BD (57.0 μg AFB1/kg); Group 4 = 10% fermented cottonseed meal substituting 10% soybean meal in BD (16.0 μg AFB1/kg).
potential risks and improving their nutritional value (Yigzaw et al., 2001; Zhang et al., 2006; Lim and Lee, 2011) . Fermentation conditions include oxygenation, amount of strain used for inoculation, material to water ratio, temperature, and duration of reaction. These factors need to be considered to optimize AFB1 biodegradation with a minimum of nutrient loss (Ellaiah et al., 2004; Zhang et al., 2006; Khalaf and Meleigy, 2008; Lim and Lee, 2011) . In the present study C. funkei was used to biodegrade AFB1. Murphy et al. (2005) reported that C. funkei is an aerobic bacterium, which explains our finding that aerobic fermentation results in higher AFB1 degradation ability. The optimum inoculum amounts was 15% in this study, while both lower and higher inoculum levels resulted in relatively poor AFB1 degradation. The reasons might be because a lower inoculum amount gives insufficient biomass resulting in a reduced AFB1 degradation ability, whereas a higher inoculum produces excess biomass and leads to a poorer secretion of the potential AFB1 biodegradation enzyme (Ellaiah et al., 2004; Zhang et al., 2006; Khalaf and Meleigy, 2008; Sun et al., 2015) . Interestingly, both the AFB1 biodegradation rates and dry matter loss gradually increased when the temperature was increased from 20
• C to 40 • C. This might be due to better growth of C. funkei and higher activity of AFB1 biodegradation enzyme as temperature is increased. Notably, the AFB1 biodegradation rate was gradually increased along with the fermentation duration (36 to 168 h), and the dry matter loss was not much changed at 96 to 168 hours. This might be due to reduced bacterial viability without appreciable change of the biodegradation enzyme activity during the late fermentation phase (Zwietering et al., 1990) . The moisture level is of critical importance in fermentation processes. The optimum material to water ratio was 1:0.7 resulting in the highest AFB1 biodegradation rate (69.9%). It is reported that a lower moisture content reduced the solubility of nutrients of the substrate and degree of swelling (Murthy et al., 1999) and hence inhibited the growth of microorganism results in decreased AFB1 degradation. A higher moisture content reduced the porosity of the substrate, thus limiting oxygen transfer and resulting in decreased AFB1 degradation (Ellaiah et al., 2004; Khalaf and Meleigy, 2008) .
Moreover, the orthogonal experiment found the optimal fermentation conditions that consisted of inoculation amounts, material to water ratio, temperature and Table 6 . Effect of aflatoxin B1-contaminated cottonseed meal diet and fermented aflatoxin B1-contaminated cottonseed meal diet on serum biochemical parameters of ducklings. duration were 10%, 1:0.5, 35
• C, and 144 h, respectively, resulting in 83.4% degradation with a relatively low (10.1%) dry matter loss in cottonseed meal. These values are considerably higher than previously reported results using Bacillus megaterium and lactic acid bacteria resulting in up to 69.3 and 78.2% degradation of AFB1 in peanut and maize meal, respectively (Mokoena et al., 2006; Sun, 2010) . Similarly, a recent study found that mixture of Streptococcus thermophilus and Lactobacillus delbrueckii s.bulgaricus resulted in 11.7 and 17.0% biotransformation rates of AFG1 and AFB1 after direct anaerobic fermentation of peanut meal, which reached 100% biotransformation of both mycotoxins when heat treatment was combined with anaerobic solid fermentation of peanut meal .
Animal experiments were conducted in this study to evaluate the safety and nutritional values of the C. funkei-fermented cottonseed meal. In agreement with the results of previous studies (Pasha et al., 2007; Yang et al., 2012; Pizzolitto et al., 2013; Chen et al., 2016a,b,c) , consumption of a diet with AFB1-contaminated, unfermented cottonseed meal reduced its nutritional quality, which includes inhibition of protein synthesis and lipogenesis (Bagherzadeh et al., 2012) . Interestingly, using 5 or 10% fermented cottonseed meal to substitute equal amounts of unfermented cottonseed meal alleviated or prevented the increase of F/G by AFB1 ingestion at wk one and 2 of the study. These results indicate that the fermentation of AFB1-contaminated cottonseed meal by C. funkei could improve the efficiency of feed utilization of ducklings. A previous study showed that dietary supplementation of 200 μg/kg AFB1 reduced BW gain and feed intake in ducks (Chen et al., 2016c) , while the ADG and/or ADFI at wk one and 2 were not affected by AFB1 consumption in this study. The divergence between these results could be attributed to the different ingestion dose. Although the relative organs weights were not significantly different among treatments at wk one, the relative weights of the liver, kidney, and spleen increased, and the bursa of Fabricius decreased in ducklings fed AFB1-contaminated unfermented cottonseed meal, a result that is also in agreement with previous reports (Resanovic and Sinovec, 2006; Yunus et al., 2011; Bovo et al., 2015; Liang et al., 2015) . Similar to the loss of feed conversion, feed containing 5 or 10% fermented cottonseed meal did not change the relative weights of organs induced by unfermented feed.
The activities of serum enzymes such as AST and ALT, and the concentrations of serum ALB, TP, BUN, and Crt have been described as valuable parameters of hepatic and renal injury and function (Bagherzadeh et al., 2012; Lv et al., 2014; Chen et al., 2016a,b,c) . Compared to controls, consumption of unfermented cottonseed meal increased the activities of ALT and AST and the concentrations of BUN and Crt while decreasing the concentrations of TP and ALB at wk one and 2. These outcomes were consistent with the changes of organs weights data and previous studies, which provided evidence that liver and kidney injury was induced by consumption of unfermented cottonseed meal (Bagherzadeh et al., 2012; Kanchana et al., 2013; Liang et al., 2015; Sun et al., 2015; Sun et al., 2016) . Again, substituting 5 or 10% fermented cottonseed meal attenuated or inhibited the biochemical changes induced by unfermented cottonseed meal. Taken together, these results indicate that the use of fermented cottonseed meal can be considered safe for the feeding of ducklings.
In summary, in the present study the fermentation of cottonseed meal using C. funkei was improved and, to the best of our knowledge, resulted in the highest degree of AFB1 biodegradation. In addition, in vivo experiments proved the safety and nutritional value of fermented cottonseed meal in ducklings, improving growth performance, alleviating or inhibiting organ injury caused by AFB1-contaminated meal. Overall, these findings suggest that the use of C. funkei for the fermentation of AFB1-contaminated feeds offers a new strategy to reduce the adverse effects of aflatoxicosis in birds.
